Abstract -In a factorial experiment, two series of feeds containing excess dietary protein, differing in amino acid balance (i.e. balanced (BPS) and unbalanced (UPS) amino acid mixture), and with a range of protein contents (400, 300 and 200 g CP·kg -1 ) at the same energy content of 13 MJ AME·kg -1 were offered at two levels of feeding (ad libitum or 0.75 of ad libitum intake) to 4320 broiler chickens between 10 and 24 days of age. Growth rate was significantly lowered by feed restriction. There was also a significant (P < 0.001) effect of dietary protein on the combined weight of the proventriculus and gizzard but only for the birds on the restricted feeding regime. Relative pancreatic weight increased (P < 0.001) with an increase in dietary protein level for the birds fed restricted amounts of BPS. The crypt depth of chicks on the ad libitum feeding regime was higher (P < 0.01) for the chicks on the BPS than for those on the UPS diet. The protein content of the jejunal mucosa was higher (P < 0.001) for birds fed ad libitum on the UPS diet than on the BPS diet. Daily feed allocation had a significant (P < 0.01) effect on jejunal protein content in birds that received the BPS diet, this being reduced in birds on restricted feeding. Maltase (P < 0.001) and sucrase (P < 0.01) activities were significantly reduced in chicks offered ad libitum access to the UPS diet. At high dietary CP, the specific activity of alkaline phosphatase was lower (P < 0.001) in chicks on the UPS diet than in those fed the BPS diet. 
INTRODUCTION
The synthesis of protein, i.e. protein deposition in broiler chickens, is a process that requires a large amount of energy and is to some extent dependent on bird-related factors such as the development of the gastrointestinal tract (GIT) [30] . Apart from the commonly assessed effects of the energy to protein ratio (E:P ratio) on the biological performance of broiler chickens, the study of causal connections at the GIT/organ level has been largely ignored or underestimated. The efficiency of utilisation of dietary nutrients partly depends on the development of the gastrointestinal tract. Such development can be assessed through measurements of the crypt, a region in which new intestinal cells are formed; villus height and surface area, to determine the area available for digestion/absorption, and the activities of membrane-bound digestive enzymes of the small intestine. Such assessment has been routinely done in poultry [2, 17, 18, 38] but the results have not been adequately related to the physical environment of the bird.
The maximum E:P ratio at which the potential growth rate of the bird is met is likely to depend on the excess dietary protein (and hence amino acids, AA), dietary energy level and the bird's genetic potential. Biological performance is thus regulated by the dietary nutrient to energy balance through the following: changes in feed intake, absorption of balanced amounts of nutrients and metabolism of amino acids required for protein accretion [3, 40] . Nutrient processing by the GIT determines the amount of nutrient that is available to the internal tissues for metabolism. The GIT uses some of the digested nutrients for self-renewal and the efficiency of nutrient supply to the internal tissues is dependent on dietary factors, including the E:P ratios. The preliminary work on this relationship carried out by our research group (unpublished) demonstrated clear effects of excess dietary protein on the productive efficiency of broiler chickens. Some of the effects were partly explained by changes in the pattern and rate of development of the GIT, as recently reported [17, 18] .
There is a dearth of reports linking the effects of dietary nutrients and especially that of energy and protein to the development of the GIT of poultry. Dietary protein has been associated with the regulation of insulin-like growth factors (IGF) and somatotropin and thus, body growth and fat deposition in broiler chickens [6, 21] . Kita et al. [20] also reported on the effects of feed restriction on plasma IGF concentrations in broiler chickens. Feed restriction for 4-7 days was found to reduce plasma IGF, as did the consumption of low-protein diets.
In practice, higher-than-normal protein contents may be offered to broiler chickens when poor quality proteins are available but amino acid supplements are expensive and unavailable. This is done in order to provide a minimal level of essential amino acids (EAA) in the diet. This strategy invariably results in large amounts of unutilised AA that are not needed for protein synthesis and ultimately leads to suboptimal bird performance [39] . There is therefore a problem when high levels of protein, in excess of the broiler chicken's needs, are fed. A method of measuring this was to produce a range of feeds varying in metabolisable energy to digestible crude protein (ME:CP) ratio and protein quality to see whether the chicks' performance, GIT and mucosal structure of the small intestine were affected.
Thus the aim of the present study was:
(a) to confirm the hypothesis that GIT function is dependent on dietary energy and protein content, protein quality and daily food allocation, and (b) to secure information on the effects of these factors on visceral organ development, mucosal structure, and digestive function associated with digestion and nutrient absorption.
MATERIALS AND METHODS

Experimental design
Two series of feeds differing in amino acid balance (AAB) and covering a range of three crude protein levels (i.e. 200, 300 and 400 g CP·kg -1 ) at a constant energy content of 13 MJ ME·kg -1 , were offered at two daily food allocation (DFA: ad libitum or 0.75 of ad libitum) to male broiler chickens, 10 to 24 days of age (2 × 3 × 2 factorial) (Tab. I). It must be stressed that these diets were designed to decrease the ME:DCP ratio below the critical value, such that the efficiency of protein (e p ) utilisation was compromised. The amino acid contents of the two diets are shown in Table II . Seventy-two single cages were available for the study, so the treatments were replicated six times.
Birds and housing
Four-thousand three-hundred-and-twenty male broiler chickens of uniform size were used for the study. During the pre-test period (0-9 days post-hatching) the chicks received a standard commercial starter feed (240 g crude protein·kg -1 ) ad libitum. Day-old chicks were weighed and placed in groups of ten in single-tier battery cages in the experimental unit, to accustom them to the facilities. At 10 days of age, the birds (215.8 ±15.3 g) were randomly assigned to one of the 12 feeding treatments, such that the average starting weight and weight range were similar for each treatment. The experimental birds were given ad libitum access to water and continuous artificial lighting until the end of the experiment. The ambient temperature was gradually decreased from 30 ºC to 24 ºC over the experimental period of 10-24 days of age.
Experimental diets
Two dietary protein series were used in the study, one being based on a balanced (BPS), and the other being based on an unbalanced (UPS) amino acid mixture (Tab. I). These were each fed at three protein levels and at two daily food allocations. The BPS consisted mainly of soybean, canola and fishmeal, whereas the UPS was based on maize gluten and lupins. The two basal diets were formulated to contain 13 MJ AME·kg -1 and 400 g CP·kg -1 . In the formulation of the BPS diet, total essential AA were minimised. The amino acid specifications applied were those suggested by the EFG broiler growth model [9] for broilers aged 10 to 24 d and are similar to the specifications of NRC [29] . The mean lysine requirement over this period is 12 g lysine·kg -1 . The basis of these requirements is that a broiler will be depositing body and feather protein, of known amino acid composition at a rate determined by its potential 504 H.K. Swatson et al. The lysine (lys):CP ratio of the diets in the BPS group ranged between 0.061 and 0.062 (g lys·kg -1 CP). The lys:CP ratios in the UPS group with a range of 0.015 to 0.031 g lys·kg -1 CP were lower than the minimum (i.e. 0.057) recommended for maximum growth by Morris et al. [26] . The digestibility of crude protein (dcp), which is the amount of total crude protein available to the bird as a result of the chemical nature of the raw ingredients of the particular feed were determined from the European Table of Energy Values for Poultry Feedstuffs [10] . The dcp value for the mixed feed was calculated by determining the proportion of digestible crude protein to total crude protein of the various raw materials relative to their proportion in the diet. The range of the dcp for the BPS and UPS series were 0.39 to 0.79 and 0.42 to 0.83, respectively. The proportions of total digested protein, which can be incorporated into body protein, 'V' for the BPS and UPS were 1 and 0.52 to 1, respectively.
The high protein summit diets were formulated first. These were then blended in appropriate proportions with protein-free sources of energy, minerals and vitamins (Tab. I), to obtain two series of diets with a similar amino acid balance in each series but differing in protein content. This procedure, expounded by Gous and Morris [12] for estimating the response to varying intakes of an amino acid is called the diet dilution technique. To obtain a 300 or 200 g CP·kg -1 diet, a blend of the summit diets (i.e. 400 g CP·kg -1 ) to protein free mixture in the ratio of 3:1 and 1:1, respectively was used. The crude protein contents within each series were 400, 300 and 200 g CP·kg -1 , respectively, all with the same energy content of 13 MJ AME·kg -1 , resulting in three E:P ratios, viz.: 32.5, 43.3 and 65.0 MJ ME·kg -1 .
Dietary treatments
Ad libitum treatments
Birds assigned to these treatments were given free and continuous access to one of the 6 dietary treatments. Feed consumption Dietary protein and intestinal development 505 The amounts of amino acids relative to lysine are shown in brackets.
was measured daily by weighing the food at the start and end of each 24-hour period.
Restricted treatments
Birds designated to these treatments were restricted to 0.75 of the average consumption of the respective ad libitum treatments over the previous day. The allocated feed was divided into two portions, with the first being given in the morning at 7 a.m. and the other in the afternoon at 2 p.m. The same levels of restriction were applied for each of the two protein series. Birds allocated food at 0.75 of the previous ad libitum will become less restricted due to the increasing difference in weight between the ad libitum and the restricted fed birds.
Bird management procedure
Birds were fed a mash feed mixture twice daily and weighed once weekly. Feed was fed in a uniform mash mixture and there was no selection of particles by the ad libitum fed birds. Fresh feed was weighed and offered to all the birds twice daily to prevent wastage. At the conclusion of the experiment, all birds and the remaining feed were weighed.
Sample collection
At the end of the experimental period, one bird per cage, selected at random, was slaughtered through asphyxiation with CO 2 and dissected. The birds were killed 13 hours after their last meal. The joint weights of the proventriculus and gizzard as well as the weight of the small intestine were recorded. The pancreas, liver and spleen were also weighed. Tissue samples were taken from the proximal region of the jejunum and flushed with ice-cold saline. Some of these samples were snap-frozen and used for the digestive enzyme assay. A subsample was fixed in neutral buffered formalin and used to assess the morphometry of the intestinal mucosa.
Histology
Tissue slices were dehydrated manually and embedded in paraffin wax. Sections were cut from the waxed tissue on a Leitz 1512 microtome (Ernst Leitz Westlar GmBH, Austria) and were cleared of wrinkles by floating on warm water (45-50 o C) prior to mounting on 10% poly-L-lysine coated slides. The slides were stained by Lilee Meyer haematoxylin, counter-stained with eosin yellow and mounted in a DePeX medium.
The slides were viewed on an Olympus BH-2 microscope and digitised using a video image software, Video Pro (Leading Edge, Bedford Park, South Australia). The images were viewed (optical lens No. 4) to measure the crypt depth, villus width at the crypt-villus junction, villus height and villus apical width. Apparent villus surface area was estimated through trigonometry [17] . Fifteen villi were assessed per sample.
Measurement of the digestive enzymes
The intestinal tissue homogenate was prepared as described by Shirazi-Beechey et al. [33] . The tissue was cut into an ice-cold buffer (100 mM mannitol, 2 mM Tris/HEPES, pH 7.1) and the mucosa was then stripped into the buffer using a swirl mixer at high speed for one minute. The mixture was homogenised at medium speed for thirty seconds. Sub-samples of the homogenate were taken into Eppendorf tubes, frozen in liquid nitrogen and stored in a deep freezer (-20 o C) for enzyme analysis.
Enzyme assays were conducted on fixed substrate concentrations established in studies on other species and previously standardised for poultry [18] . Biochemical assays were conducted for maltase (EC. The specific activities of enzymes were measured according to methods previously described for other species [8, 15, 24] . The assays were, however, conducted at a temperature of 39 o C. The protein content of the jejunal mucosa was measured according to the method described by Bradford [4] .
Statistical design and analysis
The data collected were analysed by the general linear model (GLM) of Minitab [25] as a 2 × 3 × 2 factorial design. Mean values were compared with the F-test and least significant difference and were deemed to be significant at P ≤ 0.05.
RESULTS
Feed intake and utilisation
Feed intake was significantly influenced (P < 0.001) by protein balance, dietary crude protein content and feeding level as well as the interaction between protein balance and crude protein content (Tab. III). At a dietary protein content of 200 g·kg -1 , the birds tended to consume less feed on the unbalanced diets than on the balanced diets. This effect was significant for the birds on the restricted feed intake, containing 300 and 400 g CP·kg -1 . Feed intake declined (P < 0.001) with an increase in dietary protein content for the birds on the balanced diets fed ad libitum or restricted. There was no significant effect of varying crude protein content on feed intake on the UPS diets when fed ad libitum or restricted.
At both feeding levels, there was a reduction (P < 0.001) in the body weight gain of birds on the unbalanced diets, at protein contents of 200 and 300 g CP·kg -1 diet. At the 400 g CP level, this effect was observed only on the balanced diets. Body weight gain declined (P < 0.001) with an increase in dietary crude protein for the birds on the balanced diets; the reverse was the case for those on the unbalanced diets. The interaction between protein balance and crude protein and that between protein balance and feed level on body weight gain were significant (P < 0.001).
For birds reared on the 200 and 300 g CP·kg -1 diets, FCE was poorer (P < 0.001) for those on the unbalanced protein diets than those on the balanced diets. For the 400 g CP·kg -1 diets, this effect was noticeable only in chicks that were fed ad libitum. FCE also increased (P < 0.001) with an increasing dietary CP content although the trend for the chicks on the balanced protein diet, on a restricted regime was not consistent. FCE was also influenced (P < 0.01) by the interactions between crude protein and feeding level, protein balance and feeding level as well as between protein balance and crude protein content (P < 0.001). As expected, the birds on restricted feeding gained significantly less weight (P < 0.001) and had a poorer FCE than those on the ad libitum feeding regime.
Visceral organ weight
The weight of the visceral organs from birds on the various diets is shown in Table IV. For chicks on the diets containing 300 g·kg -1 , the combined weight of the proventriculus and gizzard on the balanced diet was significantly lower (P < 0.001) than that of the chicks on the unbalanced diet. There was also a significant (P < 0.001) effect of dietary protein but only for the birds fed the restricted diets. The interaction between protein balance and dietary crude protein content was significant (P < 0.05). The weight of the small intestine was influenced (P < 0.001) by a variation in feeding level (P < 0.001) and the interactions between crude protein and feeding level (P < 0.05) in chicks on the unbalanced diets containing 200 g CP·kg -1 . The weight of the pancreas was lowest (P < 0.001) in chicks on the unbalanced diets, containing 400 g CP·kg -1 . In chicks fed restricted amounts of the balanced protein diets, pancreatic weight increased (P < 0.001) with an increase in dietary protein level. The weight of the spleen was influenced (P < 0.001) by the feeding level for chicks on the 200 g CP·kg -1 diets. There was also a significant (P < 0.05) effect of the feeding level on the weight of the liver but this was not consistent.
Intestinal mucosal morphometry
The crypt depth of chicks on the ad libitum feeding regime was higher (P < 0.01) for those on the balanced diets than for those on the unbalanced diets (Tab. V). Crypt depth was also influenced (P < 0.05) by a variation in crude protein content within the UPS. Villus height was reduced 508 H.K. Swatson et al. (P < 0.001) in the chicks on the unbalanced diets containing 200 g CP·kg -1 . Although the apparent villus surface area was influenced (P < 0.001) by protein balance, there was no consistency between the diets varying in crude protein content or feeding level.
Activities of digestive enzymes in the jejunum
At higher protein contents (300 and 400 g CP·g -1 diet) and unrestricted feeding, the protein content of the jejunal mucosa was higher (P < 0.001) in chicks on the unbalanced than on the balanced diets (Tab. VI). Feeding level also had a significant (P < 0.01) effect on jejunal protein content in the birds that received balanced diets containing 200 or 400 g CP·kg -1 , with mucosal protein being reduced in the birds on the restricted feeding. There were also significant interactions between AAB and CP level (P < 0.01), AAB and FL (P < 0.01) Dietary protein and intestinal development 509 and between all three factors (P < 0.05). The specific activity of maltase was lower (P < 0.001) in the chicks on the unbalanced diets but this was only observed for birds on the diets containing 400 g CP·kg -1 and on an ad libitum feeding regime. The interactions between AAB and FL and between all three factors were also significant (P < 0.05). For the diets with CP contents higher than 200 g·kg -1 , fed ad libitum, the specific activity of sucrase was lower (P < 0.01) in birds on the unbalanced diets than it was for the balanced diets. There was also a reduction (P < 0.05) in sucrase activity with an increasing dietary CP content in birds fed ad libitum on the unbalanced diets. At high dietary CP, protein balance affected (P < 0.001) the specific activity of AP, this tending to be lower in chickens on the unbalanced diets than in those fed the balanced diets. There were also significant interactions between AAB and FL (P < 0.001) and between the three factors (P < 0.05).
DISCUSSION
It must be emphasised that there has been limited research on the effects of varying protein levels, protein quality and feed 510 H.K. Swatson et al. restriction on the development of the GIT of broiler chickens. The general response of poultry to feed supply and quality is much better documented [7, 37, 42] but the mechanisms underlying these effects are not yet fully understood. An understanding of the effects of these factors is made more difficult by the fact that they operate in synergy with each other rather than singly. The data on the effect of excess dietary protein, amino acid balance, and daily food allocation on the GIT and mucosal structure of the small intestine is new and may have some important conceptual implications. The poorer performance observed for birds fed diets of low energy to protein (E:P) ratios suggests that when surplus protein is fed, the energy content should also be increased to ensure Dietary protein and intestinal development 511 The curtailment in response associated with the feeding of surplus protein exceeding the requirement for maximum growth has also been reported by Harper et al. [14] , using free amino acids and Wethli et al. [39] , with the feeding of high amounts of poor quality protein. The effect of excess dietary protein is important because the excess load of absorbed AA may exert an unbalancing effect. Lewis [23] suggested that such surpluses of AA have to be balanced with increases in the specified minimum concentrations for AA that may be present in an inadequate ratio in the diet. Specifying these requirements as a proportion of the protein and not as a proportion of the diet, ensures that if it is economically desirable to formulate diets with higher-thannormal protein contents, an upward adjustment is made to the minimum dietary AA (i.e. lysine) concentration [26] . The minimum lys:CP ratio for birds fed the BPS was therefore greater than the minimum recommended by Morris et al. [27] , whereas the ratios for diets in the UPS were lower than the minimum levels recommended, accounting for the depression in growth rate of the birds fed these diets. At the metabolic level, some explanations for the poor performance and utilisation of excess dietary protein have also been advanced by Moundras et al. [28] and Morris et al. [27] . Moundras et al. [28] attributed the poor performance at high protein concentrations (i.e. 600 casein·kg -1 protein diet) to the depletion of some critical glucogenic AA such as threonine. There is also the decreased availability of certain AA that are associated with the control of protein intake.
The results of this study revealed many of the interactions between some of the dietary factors. For example, feed intake responded differently on account of amino acid balance (AAB) as well as feed supply and dietary protein content. Thus, feed intake was affected by AAB but only at a low dietary protein content. Similarly, the response to dietary protein content was only observed on the balanced diets fed ad libitum. These responses are difficult to explain but may be related to the concentrations of amino acids at the different levels of dietary crude protein and feeding level [7] .
Weight gain was low on the two lowest dietary protein contents (200 and 300 g CP·kg -1 diet), regardless of the AAB or FL. The negative effects of restricted feed intake on body weight gain or growth have been extensively reported by previous researchers [11, 13, 19, 37] . Gonzales et al. [11] partly attributed this effect to reductions in thyroxine, IGF and growth hormone. The effects of low protein supplies have been ameliorated by supplementation with methionine and cysteine, as long as other indispensable amino acids are available in sufficient amounts [5] . In the present study, FCE increased with an increase in dietary protein content. This confirmed the reports by Zaghari et al. [41] who observed a positive effect of increasing dietary protein content on FCE and body weight. In a comparative study, Ramlah et al. [32] also reported the positive effects of mild feed restriction on FCE.
The differences in the weight of visceral organs may partly explain some of the underlying mechanisms in the overall response to dietary factors, such as those examined in the present study. In the current study, AAB had some effect on the weight of the proventriculus and gizzard while dietary protein content had a positive effect on the weight of the pancreas under a restricted feeding regime. The increase in the weight of the pancreas in chicks that were reared on high protein diets may be due to the need for increased secretion of pancreatic proteases that target protein. In a previous study, Leeson and Zubair [22] observed an increase in the weight of the liver in chickens that were fed a high protein diet. There are controversies with regards to the 512 H.K. Swatson et al. effects of feed restrictions on the development of visceral organs [31, 32] . Generally, the organs associated with nutrient derivation may not respond to poor nutrition due to the fact that such organs are preferentially developed in early life [17, 37] . In some instances, feed restriction has been observed to lead to an increase in the weights of visceral organs [42] , probably as a result of birds trying to increase their potential for digestion and absorption.
There is a dearth of research reports on the effects of dietary factors, especially those evaluated in the current study on intestinal morphology and digestive function. Our results indicate some negative effect of feed restriction on the development of the crypt in the jejunum. The crypt is the region associated with the renewal of the mucosa, both structurally and functionally [16, 34, 36] . The effect of feed restriction on the crypt did not, however, result in shorter villi, except at the lowest level of dietary protein. The absence of any negative effect on the villus may be due to the fact that villus growth is regulated by both cell formation in the crypt and the rate of migration and extrusion. It is not known how feed restriction or quality affects the latter processes (migration and extrusion). The absence of negative effects of the UPS on mucosal protein content suggests that tissue protein synthesis or loss was not affected by the treatments. This result is, however, contradicted by the negative effect of feed restriction on the mucosal protein content in the jejunum.
The effects of the dietary treatments on digestive enzyme activities appear to be dependent on the nature of the enzyme. The key enzymes assessed in the present study, maltase and sucrase are carbohydrases and were chosen because of the relatively high levels of carbohydrates in the poultry diets. The activities of sucrase and AP were negatively affected by dietary protein content but only on diets of low protein quality. This finding is in contrast to research reports on the rat [35] . In the rat, the activity of an aminopeptidase, a protease, was low in low protein diets while there were no effects of protein level on the activities of sucrase and AP.
There are numerous reports on the effects of protein level, protein quality and feed restrictions on the growth of broiler chickens [11, 36, 41] . The effects of feed restriction on the gross development and mucosal morphometry of chicks has also been examined by previous researchers [1, 2] . The present research is probably the first to comprehensively examine the effects of feed quality, protein level and feed restriction on the development of the GIT in broiler chickens. In response to protein quality, the changes in feed intake, body growth and FCE were in the same direction as those of mucosal morphometry and digestive enzyme activities. Crude protein content and feeding level did not produce the same clear-cut relationships between gross response and mucosal structure or digestive function. The effect of feed restriction in early life may be confounded by the preferential utilisation of nutrients for intestinal development, as was previously highlighted [17, 31] . The lack of clear-cut relationships between protein content, digestive function and animal response may also be due to the nature of the enzymes that were assessed in the current study.
CONCLUSION
The overall superior growth performance of birds fed the BPS confirmed the principle that diets which supply an array of nutrients, i.e. energy or protein that closely meet the broiler's nutrient needs give rise to a better performance. The poorer performance observed for birds fed excess protein with low E:P ratios (i.e. 32.5 MJ ME·kg -1 protein) suggests that when the dietary protein content is increased beyond that required to meet the amino acid requirements of a broiler, the energy content should also be increased to ensure that sufficient energy is available for the efficient utilisation of dietary protein. The effects of feed quality and protein content provide an insight into the regulation of intestinal growth by feed factors. The changes in the activities of some of the digestive enzymes explain the effects of protein quality and daily food supply on body growth. Some link has also been established between feed factors, gastrointestinal physiology and animal response. This is an area that warrants further investigation.
